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Abstract 
The present investigation is aimed at the feasibility of recyclability of polypropylene (PP) in injection moulding based on grey 
relational analysis. According to ISO 15270:2008, the recommended percentage of recyclability is maintained upto 25% by 
weight depending upon requirements. To qualify the products made up of polypropylene, besides rudimentary tensile strength at 
break and percentage elongation at break [ASTM: D638-03]; density [ASTM: D-792] and VSP (Vicat Softening Point) [ASTM: 
D-1525] were also considered, which are also very much needed to qualify products made up of PP. Virgin to recycled material 
ratio (V:R), injection pressure (IP), injection temperature (IT) and injection speed (IS) were the parameters dictating the 
product’s quality and they all were taken at three levels. A Box-Behnken model of design of experiment was adopted to reduce 
the numbers of experiments instead of adopting full factorial layout. The raw material used for the experiments was Injection 
Grade Polypropylene Homomer (Grade: M-110) manufactured by M/s Haldia Petrochemicals Ltd. The specimens for the 
optimization were made as per ASTM-D 638-03-TYPE-I. To ascertain tensile strength and elongation at break, Universal Testing 
Machine (H100KS-0081) made by Hounsfield Test Equipment was used. VSP was determined by using microprocessor 
controlled HDT/VSP apparatus (model-MP3 Eod100/002, 20008305), made by Atsfaar, Italy. Density of PP sample is measured 
by using Dhona (200D, 29048). Grey Entropy method was adopted to ascertain the weights of the responses. It has been found 
that the V:R-1-IT-1-IP-1-IV+1 yielded for the best quality product. Confirmatory tests were conducted to adjudge the response 
qualities. In abreast the authors conducted another experiment with 100% virgin material at IT-1-IP-1-IV+1 and they found upto 
5% recycle material adulteration gives the similar response characteristics. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Plastics, the 21st century’s material are driving the development of pioneering innovations to meet society’s biggest 
challenges. Nowadays 58% of the materials we stumble upon daily are made up of either polymer or plastic 
products [1]. Global demand for polymers has reached about 218 million tonnes and the share of polypropylene in 
total polymer consumption is about 25% [2]. A statistical survey reveals that in the sprint of usage and consumption 
of plastic and polymer, polypropylene (PP) secures the first position because of exceptional flex life, good surface 
hardness, high chemical resistance, good stability in boiling water and excellent electrical property. As the 
consumption of plastic is increasing exponentially over the globe, the reuse and recyclability strategies are also 
increasing in abreast. In this pursuit Kamaruddin and Mehat [3] investigated for improvement of mechanical 
properties made from recycled plastics (polypropylene) by utilizing Taguchi optimization technique in lieu of going 
for additives. L9 orthogonal array as design of experiment they adopted and made products at different compositions 
of virgin to recycle plastics. Four numbers of controllable parameters (melt temperature, packing pressure, injection 
time and packing time), each at three levels are tested to determine the optimal combination of factors and levels. 
The result reveal that the product made up of 25%:75% (recycle: virgin) exhibits a better flexural modulus compare 
to the virgin counterpart.  
Siddiquee et. al [4] studied for the feasibility of adulteration of recycled High Density Polyethylene (HDPE) with 
the virgin counterpart. The tensile, compressive and flexural strength were considered as the process performances 
and the parameters during moulding were considered as melt temperature, holding pressure, injection and holding 
time all at three levels. L9 orthogonal array was considered as the design of the experiment during injection 
moulding. To qualify the recycled HDPE in lieu of virgin one has been optimized simultaneously using weighted 
GRA when it is coupled with principal component analysis (PCA). They determined the holding pressure be the 
most influential parameter. Ozcelik [5] studied the effect of injection parameter and weld line on the mechanical 
properties of polypropylene moulding. Melt temperature, packing and injection pressure were investigated to 
ascertain the mechanical strength of specimens with or without weld lines. Taguchi L9 orthogonal array designed 
was adopted. The qualifying factors i.e. maximum tensile load, elongation at break and charpy impact strength was 
considered as the responses. The most important parameter affecting the maximum tensile and elongation at break 
was found to be the injection pressure followed by the melt. 
Doong et. al [6] exhibited a fast and effective methodology for optimization of process parameter for injection 
moulding of glass fiber reinforced polycarbonate composites using Grey Relational Analysis (GRA). The process 
parameters, they considered was filling time, melt and mould temperatures and ram speed. Intervention of GRA 
substituted the traditional single response treatment, rather this methodology adroit enough to tackle multi responses 
at a time. Owing to the past works it is very evident that melt temperature, packing / holding /injection pressure, 
injection / packing / holding / filling time and ram speed are the crucial factors pertinent to the quality characteristics 
of the end product. Kamaruddin and Mehat [3] investigated for improvement of mechanical properties with regards 
to better flexural modulus, whereas Siddiquee et. al [4] adjudged for tensile, compressive and flexural strength. 
Again Ozcelik [5] studied for maximum tensile load, elongation at break and charpy impact strength. But 
optimization of many a qualifying factors (like, surface indentation through VSP [ASTM: D 1525] and density 
conformity [ASTM: D 792]) seems to be yet unsolved. Therefore in view of these responses the following 
objectives are considered, which includes: a)To find out the suitability (in percentage) of recycled polypropylene 
during injection moulding of the same to qualify tensile strength at yield and elongation at break [ASTM: D638-03], 
density [ASTM: D 792] and VSP (Vicat Softening Point) [ASTM: D 1525] when the products made at different 
parametric layout, virgin to recycled ratio, injection pressure, injection temperature and injection velocity all at three 
levels and b)To find out the most influential parameter which affects the properties of the polypropylene products to 
qualify all the tests [ASTM: D638-03], [ASTM: D 792] and [ASTM: D 1525]. 
2. Machining parameters and qualifying factors  
2.1. Machining parameters [factors] 
In dictating and predicting the qualifying factors (i.e. responses) which the product is supposed to belong with, 
process parameters have got immense importance to manifest the quality. These are namely, melt temperatures, 
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mold temperature, injection fill pressure, injection hold pressure, back pressure, injection speed, injection-hold time, 
injection-fill time, cooling time, and part removal time. When emphasis is concentrated upon the dimensional 
accuracy of the product being produced, injection pressure takes over apical position provided that the mould 
temperature remains constant. Higher value for injection pressure lowers the chance dimensional inaccuracy by 
reducing the chances of shrinkage and increases the density [7]. In abreast with the same, pressure increases the rate 
of crystallinity because it brings the segments close together. Crystallinity of material increases with the increase in 
mould temperature with which tensile strength increases significantly. Since increase in temperature increases 
crystallinity and this in turn increases the compactness of the structure results in high abrasion and indentation 
resistance. Moreover, rise in temperature increases density. Temperature increases the crystallinity of the material, 
subsequently increases the tensile strength and density of the material. The increase in crystallinity also increases the 
softening temperature [7].                                                                                                                                                          
Keeping in view of the abovementioned phenomena, injection temperature, injection pressure and injection 
speed have been considered as the factors (process parameters) for the present investigation.  In abreast the recycled 
to virgin polypropylene percentage was considered as the fourth parameter. The process parameters along with their 
levels have been shown in Table 1. 
Table 1.   Process parameters and their limits. 
Parameter Notation Unit Levels of factors 
-1 0 +1 
Virgin to Recycled ratio V: R %:% 95:05 85:15 75:25 
Injection Temperature IT qC 190 200 210 
Injection Pressure IP Bar 50 60 70 
Injection Speed IS rpm 80 100 120 
  
2.2. Qualifying factors [responses] 
From applications point of view, polypropylene is popular for F3 application which implies Films, Fibers and 
Filaments. It has been observed that products made of polypropylene are mostly subjected to tensile force during its 
end application [8]. The requirement demands for measure of tensile strength and elongation at break as per ASTM-
D638-03. Another requirement for PP is its low weight to density ratio and as per ASTM-D-792, density of PP is to 
be restricted within 0.900 gm/cc to 0.903 gm/cc. Moreover, for hardness and indentation aspect, check for VSP is 
vital as per ASTM-D-1525. Therefore, for the present investigation tensile strength at break (Tb), elongation at break 
(Hb), density (D) and VSP values have been taken into account as the qualifying parameters i.e. responses. 
3. Machining and measurement tab  
3.1. Machining tab 
The experiment was conducted in injection molding machine model no: EPM- 140/14, Serial no. 164, manufactured 
by Electronica plastic private Ltd., Pune, India has been shown in Fig. 1. 
 
Fig. 1. The machining tab 
3.2. Measurement tabs 
To ascertain the values for the responses different measuring tabs were used as per ASTM guidelines. To find 
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out the tensile strength  and elongation at break of the PP sample,  a Universal Testing Machine (H100KS-0081) 
made by Hounsfield Test Equipment, UK [Fig. 2(a)] is used. Density of PP sample is measured by using Dhona 
(200D, 29048) [Fig. 2(b)]. VSP was determined by using microprocessor controlled HDT/VSP apparatus (model-
MP3 Eod100/002, 20008305) [Fig. 2(c)], made by Atsfaar, Italy. 
 
   
(a) (b) (c) 
Fig. 2. (a) The UTM; (b) apparatus for density determination; (c) VSP test-rig 
4. Grey Relational Analysis 
Grey relational analysis is first proposed by [9], which ascertains the degree of approximation out of the 
sequences according to grey relation grade. Grey analysis has been employed in evaluation of the performance of a 
complex scheme with skimp information. In real situation, problems can never be perfectly black (lacking all 
information) or perfectly white (having all information). Situations lying in between these extremes are described as 
being grey, hazy, or seldom fuzzy.  Therefore, a grey system trades-off between known and unknown information. 
Grey relational analysis germinated from this concept, can be further effectively bespoken for solving the 
complicated interrelationships among the designated performance characteristics. Through this analysis, the grey 
relational grade is favourably defined as an indicator of multiple performance characteristics for evaluation. In 
recent years, the grey relational analysis has become the authoritative tool to analyze the processes with multiple 
performance characteristics. It also provides an efficient solution to multi-input and discrete data problems. 
4.1.Data pre-processing  
In grey relation analysis, the data pre-processing is the first stride accomplished to normalize the random grey 
data with varied units and converts the original sequences to a set of comparable sequence which vary from 0.00 to 
1.00. Depending on the characteristics of data sequence, various techniques of data pre-processing available for grey 
relational analysis [10]. 
 
When the target value of the original sequence is infinite, then it has a characteristic of the “higher is better”. 
The original sequence is normalized through: 
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When the “lower the better” is the feature of the original sequence, then this is normalized as follows:   
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When the original sequence demands for a target or desired value, the situation yield for “nominal-the best” is 
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achieved by the following: 
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Where, i =1,….., m; k = 1,….., n. m is the number of experimental data set, n is the number of responses. 
)(kxoi  denotes the original sequence, )(
* kxi  is known as comparability sequence which is had after pre-processing, 
)(max kxoi  and )(min kx
o
i  are the largest and smallest value of )(kx
o
i  respectively; 
o
ix  implies the desired value 
for )(kxoi . 
4.2. Grey Relational Coefficient      
In grey relational analysis the step which appears immediately after pre-processing or normalization, is to find 
the grey relational coefficients. The grey relational coefficient for kth response characteristic for ith experimental 
setup is expressed by: 
max
maxmin
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i          (4) 
 )()()( ** kxkxk iooi  ' ,         (5) 
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Where, )(koi'  is the deviation sequence of the reference sequence )(* kxo  and comparability sequence )(* kxi . 
]  is the distinguishing or identification coefficient whose value is confined within the range of 10 dd ]  and the 
value may be tweaked based on the practical requirements of the system [11]. A lower value of ]  is poised with 
higher distinguishing ability. For the present investigation this value has been taken as 0.5.   
4.3. Grey Relational Grade 
Once the grey relation coefficients are determined, usually the simple average values of the grey relation 
coefficients unfurl the grey relational grade. The grey relational grade reflects the degree of influence between the 
comparability sequence and reference sequence [12]. If the grey relational grade equals to unity; it implies the 
sequences are identical and all are having values equal to unity. A high grey relational grade corresponds to brawny 
relational degree between original sequence and reference sequence and yields the factor combinations closer to 
optimal setting as mentioned by [13]. Mathematically grey relational grade is expressed by: 
¦ 
 
n
k
ii kn 1
)(
1 [J           (6)    
Nevertheless, in actual practice the relative significance of the responses varies as per requirement. In actual 
scenario, responses are all having unequal weights which leads to modification of equation Eq. (6) as cited by [14] is 
expressed as:         
¦ 
 
n
k
iki kw
1
)([J ;          (7)  
Where, kw  denotes for weight factor for grey relational coefficient pertinent to a response. Calculation of 
weight has been shown in the next section. 
4.4. Determination of weight factors  
Selection of proper weight factors to the various responses play a great role in order to find out the solution in 
grey relational analysis. Subtle change in weight can reveal poles-apart solution hence one must be very cautious in 
ascertaining the weights to substantiate the multi-objective problems to turn into singular objective.  
Wen et al. [15] proposed the mapping function in grey entropy ]1,0[]1,0[: oif  subjected to three conditions 
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a) 0)0(  if ; b) )1()( xfxf ii   and c) )(xfi  is the monotonic increasing in the range of )5.0,0(x . 
Hence to define the mapping function for entropy measure to be defined as  
 1)1()( )1(   xxe exxexw         (8) 
This function poses a maximum value when, 5.0 x  and the value seems to be 
6487.01)5.0( 5.0   ewe .  
The gradual steps according to them are as follows: 
a) Sum of the grey relational coefficients in all sequences 
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Where, mes u )1(1 5.0 ; ‘s’ being the normalized coefficient. 
c) Sum of entropy 
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4.5. Schematics of the framework 
Fig. 3 illustrates the framework of multi-objective optimization problem through grey relational analysis when 
it is coupled with entropy method for determination of weights. Focused on the need of the present investigation, the 
objective of the optimization problem can be revealed in the form:  
 Max (Tb, Hb,VSP) & Nom D,  
  
Sub to: 
  ITmin d IT d ITmax 
  IPmin d IP d IPmax 
  IVmin d IV d IVmax 
  V:Rmind V:Rd V:Rmax        (13) 
 
Where, Ty, Hb, D and V imply tensile strength at yield, elongation at break, the density and VSP respectively. 
The process parameters IT, IP, IV and V:R indicates for injection temperature, injection pressure, injection speed and 
virgin to recycled ratio respectively. After ascertaining the need of optimization, multiple responses were obtained 
through design of experiment and data acquisition. The grey relational analysis theory was employed to determine 
the weighted grey relational grade with the aid of grey entropy. Finally the optimal parametric combination was 
obtained by analyzing the grey response table. 
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Determine the deviation sequences
Normalize the experimental results of 
each performance characteristics
Determine the Grey Relational 
Coefficients
Determine the grey relational grade and 
response table
Conduct of Experiment and 
Data Acquisition
Convergence at 
objective of optimization
 
Grey Relational 
Analysis
Conduct of confirmatory test
Stop
Optimization and Validation of optimal 
machining parameters
Determine the weights of the responses 
through  grey entropy
 
Fig. 3. Framework for optimization  
5. Experimental Results and Discussion   
The experiment was based on a partial design (Box Behnken Model) with three levels of each factor and the 
corresponding responses have been shown in Table 2. For each parametric combination, in three shots all together 
six specimens were made. The average values of the responses for six specimens (3 shots × 2 specimen) were taken 
into account. 
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Table 2.   Experimental layout and their original sequence (responses). 
Experimental  
sequence 
Factors Original Sequence 
V:R 
Ratio 
Temp 
°C  
Pressure (BAR) Speed (RPM) Tensile Strength at 
Break (Mpa) 
Elongation at 
Break (%) 
Density 
(gm/cc) 
VSP (°C) 
1 95/05 210 60 80 13.125 415 0.9064 154.6 
2 95/05 190 60 80 11.700 445 0.9043 154.8 
3 95/05 200 60 60 13.330 425 0.9068 154.1 
4 95/05 200 70 80 18.335 490 0.9032 154.6 
5 95/05 200 60 100 21.265 565 0.9038 154.6 
6 95/05 200 50 80 25.125 495 0.9108 154.9 
7 85/15 200 60 80 17.745 590 0.9113 154.6 
8 85/15 200 50 60 22.060 725 0.9098 154.2 
9 85/15 200 70 60 20.825 715 0.9107 154.1 
10 85/15 200 60 80 19.865 595 0.9105 154.7 
11 85/15 200 60 80 18.686 610 0.9108 154.0 
12 85/15 200 70 100 17.565 550 0.9108 154.7 
13 85/15 200 50 100 20.545 590 0.9098 154.6 
14 85/15 210 60 100 20.495 760 0.9107 154.9 
15 85/15 210 60 60 14.840 520 0.9098 154.7 
16 85/15 210 50 80 20.785 705 0.9089 153.9 
17 85/15 210 70 80 20.415 690 0.9149 154.2 
18 85/15 190 60 60 17.735 685 0.9084 154.1 
19 85/15 190 50 80 18.485 400 0.9039 153.9 
20 85/15 190 60 100 22.175 680 0.9093 154.8 
21 85/15 190 70 80 21.285 710 0.9101 154.7 
22 75/25 190 60 80 14.140 650 0.9098 154.7 
23 75/25 200 50 80 13.545 570 0.9078 155 
24 75/25 200 60 60 15.730 710 0.9103 154.9 
25 75/25 200 60 100 12.595 665 0.9084 154.5 
26 75/25 200 70 80 15.170 425 0.9101 154.3 
27 75/25 210 60 80 16.235 630 0.9094 154.8 
Once the original sequences are all had, these were normalized based on Eq. (1) and Eq. (3), which demand for 
“higher the better” for breaking stress, elongation at break and VSP and “nominal the better” for density respectively 
to determine the comparability sequences. Then the deviation sequences were found by employing Eq. (5). 
Afterwards, to find the grey relational coefficients which being the subsequent process Eq. (4) was employed and 
the grey relational coefficients for all the responses shown in Table 3. Here the distinguishing or identification 
coefficient ]  has been taken as 0.5. Then the coefficients were aggregated as per Eq. (7) for determination of Grey 
Relation Grade as shown in Table 3.  
Table 3. The calculated grey relational coefficients and grey relational grades for weighted importance. 
Experimental  
sequence 
Grey relational Coefficients 
Weighted Grey Relational Grade 
(0.2504: 0.2502: 0.2493: 0.2501) Tensile Strength at Break 
(Mpa) 
Elongation at Break 
(%) 
Density 
(gm/cc) 
VSP 
(°C) 
1 0.3587 0.3429 1.5455 0.5789 0.7057 
2 0.3333 0.3636 0.8483 0.7333 0.5693 
3 0.3627 0.3495 0.6308 0.3793 0.4304 
4 0.4971 0.4000 1.0000 0.5789 0.6187 
5 0.6349 0.4800 0.9111 0.5789 0.6510 
6 1.0000 0.4045 0.4473 0.8462 0.6747 
7 0.4763 0.5143 0.4316 0.5789 0.5003 
8 0.6865 0.8372 0.4824 0.4074 0.6035 
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9 0.6095 0.8000 0.4505 0.3793 0.5600 
10 0.5607 0.5217 0.4572 0.6471 0.5467 
11 0.5104 0.5455 0.4473 0.3548 0.4645 
12 0.4703 0.4615 0.4473 0.6471 0.5066 
13 0.5944 0.5143 0.4824 0.5789 0.5426 
14 0.5918 1.0000 0.4505 0.8462 0.7223 
15 0.3949 0.4286 0.4824 0.6471 0.4882 
16 0.6073 0.7660 0.5190 0.3333 0.5565 
17 0.5877 0.7200 0.3445 0.4074 0.5151 
18 0.4760 0.7059 0.5419 0.3793 0.5258 
19 0.5027 0.3333 0.8978 0.3333 0.5165 
20 0.6947 0.6923 0.5020 0.7333 0.6557 
21 0.6361 0.7826 0.4713 0.6471 0.6344 
22 0.3793 0.6207 0.4824 0.6471 0.5323 
23 0.3670 0.4865 0.5721 1.0000 0.6063 
24 0.4167 0.7826 0.4642 0.8462 0.6275 
25 0.3488 0.6545 0.5419 0.5238 0.5172 
26 0.4027 0.3495 0.4713 0.4400 0.4158 
27 0.4302 0.5806 0.4980 0.7333 0.5605 
Here to determine of weights of the responses, grey entropy method was employed. The grey relational 
coefficients of each response [Table 3] act as a prerequisite to grey entropy determination. By employing Eq. (8) to 
Eq. (12) and considering m=27 and n=3 the weights were calculated through grey entropy as shown in Table 4. 
After determination of weights, the grey relational grades were found for the entire layout. The variation of 
weighted GRGs for the entire experimental layouts has been shown in Fig. 4. 
Table  4.  The weights achieved  by grey entropy method. 
Response characteristics Weightage 
Tensile Strength Yield 0.2504 
Elongation at break 0.2502 
Density 0.2493 
VSP 0.2501 
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Figure 4:  Variation of Grey Relational Grade for different parametric combinations. 
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Furthermore, the deviations (max-min) in average grey relational grades for each factor were calculated to 
ascertain the relative significance of the process parameters. This measure reveals that, injection speed is the most 
dictating factor having a contribution of 39.68% as per Table 5 and the subsequent factors are injection pressure, 
virgin to recycled ratio and Injection temperature respectively having scores 27.51%, 18.72% and 14.09% 
respectively.  
 
Table 5. Response table for the grey relational grades. 
 Levels of Factors   
Factors -1 0 +1 Max-Min % contribution 
V:R 0.5716* 0.5559 0.5433 0.0283 18.72 
IT 0.5724* 0.5511 0.5545 0.0213 14.09 
IP 0.5833* 0.5518 0.5417 0.0416 27.51 
IS 0.5392 0.5464 0.5992* 0.0600 39.68 
*Optimal Level for each factor 
 
Therefore in order to qualify recycled polypropylene material produced through injection moulding pertinent to 
tensile strength and elongation at break test (ASTM-D638-03), Density test (ASTM –D-792) , Vicat Softening Point 
test (ASTM-d 1525), low level of virgin to recycled ratio, low level of injection temperature, low level of injection 
pressure and higher level of injection speed ( V: R-1 –IT-1 – IP-1- IV+1) must be chosen and this combination was 
absent in the Box Behnken layout, which leads to conformity test. From the conformity test under optimal condition 
(V: R-1 –IT-1 – IP-1- IV+1), it has been observed that upto 5% of adulteration the product retains the properties 
tantamount to the virgin one which have been shown in Table 6. Furthermore it may be noted that, in the previous 
layout, the requisite value of the responses were achieved in a discrete way for different experiments (parametric 
combinations) as shown in Table 6. 
Table 6. Physical properties of polypropylene with V:R ( 95%:5%) vis-à-vis 100% virgin. 
V:R Levels of IP, IT 
& IV 
Tensile Strength at 
Break (Mpa) 
Elongation at Break (%) Density 
(gm/cc) 
VSP (°C) 
95:5 IT-1–IP-1-IV+1 29.21 772 0.9038 156.2 
100:0 IT-1–IP-1-IV+1 30.32 795 0.9032 157.4 
Discrete maximum 
responses 
25.125  
(Expt. Sequence 6) 
760  
(Expt. Sequence 14) 
0.9149  
(Expt. Sequence 17) 
155  
(Expt. Sequence 23) 
   
6. Conclusions 
This paper was primarily aimed at process parameter optimization during injection moulding of polypropylene 
through weighted grey relational analysis when it is harnessed grey entropy analysis to find out the percentage of 
reuse of polypropylene. Based on the extensive literature survey, experimentation and thorough analysis the 
following coda are made. 
In order to qualify polypropylene material produced through injection moulding pertinent to Tensile strength 
test at yield, Elongation at break [ASTM-D638-03], Density test [ASTM–D 792], and Vicat Softening Point test 
[ASTM–D 1525], lower level of injection temperature and lower level for injection pressure and higher level of 
injection speed must be chosen with a virgin to recycled ratio of 95:05. Thorough investigation reveals injection 
speed is the most dictating factor and the subsequent factors are injection pressure, virgin to recycled ratio and 
injection temperature. 
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